Through positive and negative selection, the thymus allows a small fraction of immature CD4 ϩ 8 ϩ double positive thymocytes to differentiate into mature CD4 ϩ 8 Ϫ or CD4 Ϫ 8 ϩ single positive cells; these cells are released into the periphery to establish the mature T cell pool. Positive selection rescues thymocytes that express TCR with low affinity for peptides bound to MHC molecules expressed on cortical epithelial cells. Conversely, negative selection eliminates thymocytes with high affinity for MHC-peptide complexes, thereby leading to self-tolerance induction (1, 2) . Via this process of selection, the thymus generates a peripheral repertoire that is largely depleted of overtly autoreactive T cells but retains low but significant reactivity for self-MHC molecules. Retaining weak affinity for self-MHC/ peptide ligands has generally been considered a requirement for T cells to optimally recognize foreign antigens in the context of self-MHC molecules. However, recent findings strongly suggest that low-level self-reactivity serves an additional purpose: namely, to maintain survival and homeostasis of naive T cells (for a review, see reference 3).
Mature naive T cells are usually considered to remain in a dormant state unless awakened by foreign antigens expressed on activated APCs. This view has now been modified by the finding that prolonged survival of naive T cells in a resting state requires low-level TCR signaling from contact with self-MHC/peptide ligands (i.e., with MHC class I molecules for CD8 ϩ cells and class II molecules for CD4 ϩ cells [4] [5] [6] [7] [8] [9] [10] ). In the absence of these self-ligands, naive T cells gradually disappear. Evidence for active signaling through the TCR is also provided by the finding that survival of resting naive T cells requires expression of lung Kruppel-like factor (LKLF), a member of Kruppel-like zinc transcription factor family (11) . This molecule is presumably involved in translating covert TCR signaling into cell survival cues.
It has long been known that mature T cells are regulated at a population level by homeostatic mechanisms that maintain the total size of the T cell pool at a near-constant level (12) (13) (14) . Normally, expansion of the T cell pool during an immune response is followed by a deletion phase in which most of the newly generated effector cells are eliminated at the end of the response, thereby restoring total T cells numbers to normal levels (15, 16) . On the other hand, it is also well established that T cells have the capacity to spontaneously undergo extensive proliferation after transfer into immunodeficient hosts (17) . Such "homeostatic" proliferation of T cells occurs when small numbers of T cells are adoptively transferred into T cell-depleted (T-depleted) syngeneic nude, SCID, recombination activating gene (RAG)-deficient, or irradiated hosts (18, 19) . With more recent use of mice deficient in MHC class I or II molecules, there is now a clear consensus that homeostatic proliferation of CD4 ϩ and CD8 ϩ cells requires contact with self-MHC class II and I molecules, respectively (20) (21) (22) (23) (24) (25) (26) (27) . Because homeostatic proliferation applies at a polyclonal level and occurs without deliberate antigen injection, the prevailing view has been that such proliferation is driven by foreign antigens (which are common in immunodeficient hosts) and reflects antigen-specific expansion of memory T cells (14, 17) . Here, the underlying assumption has been that naive T cells are completely unresponsive to self-MHC/peptide ligands because of tolerance induction.
However, recent work from several laboratories strongly suggests that homeostatic proliferation applies to naive T cells and is driven by low-affinity interactions with self-MHC molecules loaded with self-peptides (22, (24) (25) (26) (27) . Interestingly, there is compelling evidence that homeostatic proliferation of naive T cells is driven by particular MHCpeptide complexes, namely the peptides that initially induced positive selection of the T cells in the thymus. Two lines of investigation support this view. The first involves experiments performed in H2-M Ϫ mice, which express MHC class II (A b ) molecules loaded almost exclusively with a single species of self-peptides, class II-associated invariant chain peptides (CLIPs; [28] [29] [30] . The key finding was that wild-type B6 naive CD4 ϩ cells, i.e., cells that were positively selected on A b molecules loaded with a spectrum of self-peptides, failed to undergo efficient homeostatic proliferation after transfer to T-depleted H2-M Ϫ hosts; conversely, naive CD4 ϩ cells from H2-M Ϫ hosts, i.e., cells that were positively selected to a single ligand (A b ϩ CLIP), un-
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Commentary derwent efficient proliferation when exposed to this ligand in T-depleted H2-M Ϫ hosts (22, 24) . The second approach involved the use of transporter associated with antigen processing (TAP) Ϫ mice that were engineered to express MHC class I (K b ) molecules loaded with specific peptides; these mice were used as hosts for OVA-specific, K b -restricted CD8 ϩ OT-I TCR transgenic T cells. As with CD4 ϩ cells in the above model, homeostatic proliferation of CD8 ϩ OT-I cells was observed only when the T-depleted syngeneic TAP Ϫ hosts expressed the particular low-affinity peptide that had been shown previously to induce positive selection of OT-I cells. With host expression of an irrelevant peptide, homeostatic proliferation was minimal (25) .
Although all typical T cells are thought to require positive selection by self-MHC/peptide ligands in the thymus, not all T cells undergo homeostatic proliferation. Thus, studies with polyclonal T cells indicate that only ‫ف‬ 30% of the starting population of naive CD4 ϩ and CD8 ϩ cells undergo detectable cell division within 1-2 wk in lymphopenic hosts (24) . This heterogeneity also applies to TCR transgenic T; cells. Thus, some transgenic lines, such as CD8 ϩ OT-I, 2C, P14, and CD4 ϩ DO11, 1H3.1 are able to undergo homeostatic proliferation, whereas other lines (e.g., CD8 ϩ T3.70 ϩ HY-specific cells and CD4 ϩ OT-II lines) do not undergo homeostatic proliferation (21, 22, (24) (25) (26) 31) . In fact, the past assumption that homeostatic proliferation is directed to foreign antigens was based on the finding that in T-depleted neutral (female) hosts, proliferation of CD8 ϩ cells from the HY line applies only to TCR clonotype-negative (T3.70 Ϫ ) and not to clonotypepositive cells (31) . Why only a proportion of T cells can undergo homeostatic proliferation is unclear. One possibility is that some of the peptides inducing positive selection in the thymus are expressed at only a very low level in the periphery. Another possibility, which is not mutually exclusive, is that the strength of affinity for self-ligands required for T cells to undergo homeostatic proliferation is slightly higher than the strength of affinity required for thymic positive selection. According to this latter scenario, homeostatic proliferation is a property restricted to T cells that have been positively selected to self-peptides with "above average" TCR affinity (24) . Despite these possibilities, it should be noted that even with TCR transgenic cells, only a proportion of T cells undergo homeostatic proliferation. This stochastic component of homeostatic proliferation has yet to be explained.
In contrast to responses to high-affinity foreign peptides, homeostatic proliferation of naive T cells to self-MHCpeptide complexes is relatively slow and is not associated with upregulation of acute activation markers such as CD25 and CD69 (21, (24) (25) (26) (27) . Nevertheless, the dividing cells acquire cell surface markers typically expressed on memory T cells; e.g., the cells become CD44 hi and Ly6C hi (for CD8 ϩ cells [21, [24] [25] [26] [27] ). This finding raises the question of whether homeostatic proliferation of naive T cells lead to full differentiation into memory T cells. This topic is the focus of three recent papers by Goldrath et al. (32) , Cho et al. (33;  both of these papers appear in this issue), and Murali-Krishna and Ahmed (34) . For these papers, there is a clear consensus that after homeostatic proliferation, naive T cells do acquire characteristics of true memory cells, including the capacity to mount accelerated functional responses to cognate antigens. However, as discussed below, there is some discrepancy as to the ultimate fate of these cells once homeostasis is restored.
To study T cells undergoing homeostatic proliferation, all three groups monitored donor naive CD8 ϩ transgenic cells transferred to T-depleted syngenic mice. Each group used a different CD8 ϩ transgenic line (OT-I, 2C, and P-14). The cellular changes observed during homeostatic proliferation applied equally to all three lines, and also extended to nontransgenic polyclonal wild-type CD8 ϩ cells (studied by Cho et al [33] ). Consolidating information from the earlier reports mentioned above, these studies clearly show that homeostasis-driven activation of T cells by low-affinity self-ligands is distinct from the typical overt activation induced by high-affinity foreign antigens. Thus, unlike antigen-activated T cells, T cells undergoing homeostasis proliferation do not enlarge and fail to upregulate CD71 (transferrin receptor [34] ). CD44 upregulation is slower, and cells become CD44 hi only after multiple rounds of cell division (33, 34) . In terms of other markers typically used to define memory T cells, T cells undergoing homeostatic proliferation show decreased expression of CD45RB but not CD62L (25, 27, 34) . As with conventional T cell activation, upregulation of CD122 (receptor for IL-2/IL-15) and CD132 (common cytokine receptor, ␥ c) is prominent (32) (33) (34) .
It is of particular interest that the progeny of T cells undergoing homeostatic proliferation were found to display significant effector function. Thus, whereas naive CD8 ϩ T cells cannot mediate CTL activity or secrete IFN-␥ without prior stimulation, homeostasis-activated T cells displayed CTL activity and produced IFN-␥ when stimulated with a foreign antigen directly ex vivo (32) (33) (34) . The intensity of the effector responses displayed by homeostasis-activated T cells resembled that of resting memory T cells and, as expected, were clearly less marked than the responses of overtly activated effector T cells stimulated by foreign antigens. The ability to secrete IFN-␥ and display direct CTL activity in vitro applied to all three lines of transgenic T cells (only two were tested for CTL activity). Similar findings applied to nontransgenic T cells. Thus, the polyclonal progeny of normal B6 T cells undergoing homeostatic proliferation rapidly secreted IFN-␥ after in vitro stimulation with anti-CD3 mAb and killed Con A-coated target cells directly ex vivo, whereas control naive B6 CD8 ϩ cells had no activity in these assays (33) .
As with upregulation of CD44, the ability to secrete IFN-␥ after homeostatic proliferation increased progressively with each cell division (33, 34) . As homeostatic proliferation of T cells eventually ceases when total T cell numbers return to near-normal levels, the question arises whether the progeny of the proliferating cells remain as memory cells or reacquire a naive phenotype. Here, the results were more complex. Cho et al. (33) found that trans-genic 2C cells injected into T-depleted (RAG-1 Ϫ ) hosts remained "memory-like" even after 2 mo (33). However, a complication in this study was that the injected 2C cells did not accumulate, and homeostatic proliferation appeared to have continued, presumably indicating that many of the proliferating cells died. Goldrath et al. (32) also observed this phenomenon in RAG-1 Ϫ hosts injected with OT-I cells. Thus, even after 3 mo, these RAG-1 Ϫ mice remained partially lymphopenic and contained OT-I cells that continued to undergo homeostatic proliferation (as measured by uptake of the DNA precursor bromodeoxyuridine; reference 32). As with 2C cells, the OT-I cells in RAG-1 Ϫ hosts remained "memory-like" in terms of phenotype and function.
For obscure reasons, the lack of accumulation of large numbers of proliferating donor T cells applies to RAG-1 Ϫ hosts but not to normal B6 mice rendered lymphopenic by exposure to a sublethal dose of whole body irradiation, which eliminates Ͼ 95% of naive T cells. Thus, despite virtually identical rates of homeostatic proliferation, Goldrath et al. (32) found that OT-I cells accumulated in much higher numbers in irradiated B6 hosts than in nonirradiated RAG-1 Ϫ hosts (32) . In irradiated B6 hosts, the injected OT-I cells underwent massive expansion and ceased cycling within 2 mo after injection, when the hosts regained normal T cell numbers. More importantly, even though the OT-I cells closely resembled memory cells during the first few weeks after transfer, the noncycling OT-I cells iso- Figure 1 . Regulation of naive CD8 ϩ T cell homeostasis by self-MHC/peptide ligands. In the thymus, immature CD4 ϩ 8 ϩ double positive cells that interact with low but significant affinity for MHC class I molecules loaded with self-peptides become positively selected and differentiate into mature CD8 ϩ single positive cells. Upon exit to the periphery, CD8 ϩ cells continuously interact with the same self-MHC/peptide ligands or possibly with cross-reactive self-ligands on APCs, and receive low-level signals through the TCR. Under physiological conditions with normal numbers of T cells, such TCR signals are covert, i.e., insufficient to induce entry into cell cycle but adequate to keep cells alive (bottom). However, if the number of T cells drops below a certain level, TCR signals become overtly stimulatory and induce T cells to undergo a slow form of "homeostatic" proliferation in an attempt to restore the size of the T cell pool. During homeostatic proliferation, CD8 ϩ cells resemble resting memory cells in terms of phenotype and their ability to mediate low-level effector function in response to foreign antigens (middle). Upon restoration of the naive T cell pool, homeostatic proliferation stops and some CD8 ϩ clones revert to a naive phenotype, whereas others do not; the basis of this difference is unknown. Generation of "conventional" memory cells through T cell interaction with foreign peptide is qualitatively different in several respects (top). Thus, in contrast to memory cell generation via homeostatic proliferation, production of antigen-specific memory cells (a) requires APC activation (via an adjuvant), (b) involves transition through an activated effector cell phase, (c) is associated with prominent cell death (at the end of the primary response), and (d) leads to long-term expression of memory markers, especially CD44, with little or no reversion to naive phenotype cells. These differences presumably also apply to CD4 ϩ cells (not depicted).
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Commentary lated after 2 mo were naive in terms of both phenotype (CD44 lo , Ly6C lo , and CD122 lo ) and function (no ex vivo CTL activity or IFN-␥ secretion). This finding is in agreement with the earlier observation of Bell and Spartshott that, in rats, a proportion of memory phenotype CD4 ϩ cells reverted to a naive phenotype after adoptive transfer into syngeneic athymic nude rats (35) .
Despite these findings, reversion of memory phenotype cells to "naive" cells after homeostatic proliferation is apparently not a general phenomenon. Thus, in similar experiments, Murali-Krishna and Ahmed (34) found that P-14 transgenic CD8 ϩ cells remained "memory-like" in phenotype and function (IFN-␥ secretion) even 5 mo after the cells were injected into sublethally irradiated B6 hosts (34) . It is unlikely that this finding reflects continued proliferation of P-14 cells, as previous studies showed that these cells do not proliferate when the size of the T cell pool is normal, i.e., when P-14 cells are transferred to normal (nonirradiated) B6 mice (21, 24) . What accounts for the difference in the behavior of OT-I and P-14 cells is unclear. One possibility is that the TCR affinity for the stimulatory self-MHC/peptide ligands is higher for P-14 than OT-I, with the result that differentiation into memory cells becomes "fixed" for P-14 cells but is reversible for OT-I cells. Whatever the explanation, determining the frequency of memory to naive reversion and defining the rules governing this transition will have to await further studies, both with TCR transgenic and polyclonal T cells populations.
Despite the convincing evidence that homeostatic proliferation generates memory cells, whether these cells can be equated with "real" memory cells arising after an immune response to foreign antigens is still uncertain (Fig. 1) . One point to emphasize is that antigen-specific memory cells are thought to originate from fully activated effector cells, most of which are rapidly eliminated at the end of the primary response. By contrast, the memory cells generated through homeostatic proliferation do not seem to arise from overtly activated effector cells and accumulate progressively, presumably signifying only limited cell death. Likewise, costimulation via CD28 and the availability of IL-2 seems to be much more important for the generation of antigen-specific memory cells than for homeostasis-driven memory cells (reference 33; our unpublished observations). A key question is whether the requirements for maintaining the survival of these two types of memory cells are the same or different. For antigen-specific memory cells, it is now becoming clear that these cells are largely MHC independent, both for survival and intermittent cell division (10, 36, 37) . At least for CD8 ϩ cells, the survival and proliferation of memory cells seem to be driven by cytokines, especially by IL-15 (38) (39) (40) (41) . Whether cytokines also control the survival and turnover of homeostasis-driven memory cells has yet to be studied, although the high expression of CD122, a receptor for IL-15, on these cells is in favor of this possibility. Further studies may well show that, once formed, many of the memory cells generated by homeostatic proliferation are virtually indistinguishable from true memory cells. However, comprehensive evidence on this question is still lacking.
With regard to physiological significance, it should be emphasized that homeostatic proliferation of T cells to selfligands is probably quite limited under normal conditions, i.e., where the lymphoid tissues contain large numbers of naive T cells. However, under conditions of T lymphocytopenia, homeostatic proliferation to self-ligands may make a substantial contribution to replenishment of the T cell pool. This situation may arise in patients treated with cytotoxic drugs and/or irradiation, and perhaps also during severe viral infections, which may induce a marked lymphocytopenia. Homeostatic proliferation may also operate in old age. Thus with the decline in thymus function in old age, the gradual decrease in numbers of naive T cells may cause homeostatic proliferation of residual naive cells; differentiation of these cells into memory cells could then account for the marked overrepresentation of memory-phenotype cells in old age (42, 43) .
It is important to point out that homeostatic proliferation of T cells is not limited to naive T cells and can also apply to memory cells (10) . Indeed, homeostatic proliferation tends to be more marked for memory cells than for naive cells. Interestingly, in marked contrast to naive cells, homoestatic proliferation of memory cells in T-depleted hosts is MHC independent (10; our unpublished observations). In addition, whereas homeostatic proliferation by naive T cells is inhibited by bystander naive cells, homeostatic proliferation of memory cells is not suppressed by naive cells (our unpublished observations). Hence, the mechanisms controlling homeostatic proliferation of naive and memory cells seem to be fundamentally different.
On this point, it is striking that despite the decline in the thymic function in old age and diminished production of naive T cells, the total size of the T cell pool remains relatively constant throughout life (44, 45) . How homeostasis is controlled at the levels of total T cell numbers remains a mystery. Similar to the factors controlling cell growth in other tissues such as the skin and liver (46, 47) , T cells somehow seem to be able to sense the density of neighboring T cells and discriminate between naive and memory cells. Whether this awareness of total T cell density reflects direct T-T interaction, competition for "space" at the APC level, restrictions in the availability of growth factors or soluble mediators, or all of these factors combined is unknown. Clearly a great deal remains to be known about T cell homeostasis and about homeostasis in general.
